Abstract. Extramedullary involvement (EMI) is a factor that defines prognosis of acute lymphoblastic leukemia; however, the molecular mechanism(s) remain elusive. Here, we show that CD7 promotes EMI of the human B-cell acute lymphoblastic leukemia cell line Tanoue. The Tanoue cell line expressing firefly luciferase, Luc-Tanoue, was transplanted into non-obese diabetic/severe combined immunodeficient mice, and cells infiltrated into the brain were cultured ex vivo. This process was repeated 4 times to obtain the highly invasive line Luc-Tanoue-F4. Comparison of the global gene expression signatures of Luc-Tanoue-F4 and Luc-Tanoue indicated that the CD7 gene showed the largest increase in expression among EMI-related genes in Luc-Tanoue-F4 cells. Overexpression of CD7 in Tanoue enhanced cell invasiveness. Among cell migration, proliferation, adhesion and protease activity, only cell adhesiveness showed enhancement in Luc-Tanoue-F4. Expression of the intracellular domain, but not the extracellular domain, of CD7 enhanced cell adhesiveness. Luc-Tanoue-F4 showed a higher level of integrin β2 expression; overexpression of CD7 induced the expression of integrin β2 in Luc-Tanoue. These results show that CD7 induces integrin β2 and enhances cell adhesiveness and invasiveness in Tanoue cells. This study highlights the role of the CD7/integrin β2 axis as a critical pathway in the process of EMI of human B-cell acute lymphoblastic leukemia.
Introduction
Acute lymphoblastic leukemia (ALL), a malignant disorder of lymphoid progenitor cells, arises mainly in children and adolescents, and is the most common malignancy in these generations (1) . Despite recent advances in the treatment of ALL, 20% of the patients cannot be cured even for those types of ALL with the best prognosis (2) . Older age, higher leukocyte count, hypodiloidy, t(9;22), t(4;11), and extramedullary involvement (EMI) are the factors that relate to poor prognosis (3, 4) . EMI not only associates with poor prognosis but also induces painful symptoms. At initial diagnosis, approximately 30-50, 8, 2.5-5 and 0.6% of patients show infiltration of leukemic cells into the liver, mediastinum, central nervous system (CNS), and testis, respectively (4) (5) (6) . Moreover, solitary CNS or testicular relapse is experienced in 20.9 or 5.3% of relapsed patients, respectively (7) . The T-cell immunophenotype, hyperleucocytosis, the Philadelphia reciprocal translocation between chromosome 9 and 22, and the presence of leukemic cells in the cerebrospinal fluid are factors that predict extramedullary relapse (3, 5, 7) .
ALL is a clonal disorder that is characterized by heterogeneous subpopulations of cells with different malignant behavior. The dissemination of leukemic cells (also referred to as metastasis in the context of solid tumors) is not a random event. Instead, this is a process destined by characteristic molecular events, with certain tumor cells having a specific affinity for the microenvironment (8, 9) . In this context, significant effort has been devoted to finding molecules that direct leukemic cells to extramedullary organs. Clinically, overexpression of CXCR4, interleukin-15, CCR9, CD56, CD103, matrix metalloproteinase-2 (MMP-2), and MMP-9, or underexpression of intracellular adhesion molecule 1 (ICAM1) have been correlated with EMI (8, (10) (11) (12) (13) (14) (15) . Experimental evidence suggested that Notch1 controls CCR7 expression and guides leukemic cells to CNS in vivo (16) . Mass spectrometry revealed that leukemic cell lines with a higher invasiveness expressed RAC2 (17) . Recently, Castro et al demonstrated that 5T4 oncofetal antigen enhances invasiveness of leukemic cell lines in vitro and in vivo (18) .
Although an increasing number of studies are reporting on searches for molecules that associate with EMI of ALL, no study has used global gene expression analysis to compare leukemic clones with high and low invasiveness derived from the same cell line. In this study, we used the B-ALL cell line Tanoue to obtain a cell line with high invasiveness by in vivo CD7 promotes extramedullary involvement of the B-cell acute lymphoblastic leukemia line Tanoue by enhancing integrin β2-dependent cell adhesiveness selection and compared the gene signature with the parental cells.
Materials and methods
Cell line. 6 Luc-Tanoue in 0.1 ml RPMI. Bioluminescence signals were monitored weekly using the IVIS Lumina II (Caliper Life Sciences, Hopkinton, MA, USA) after isoflurane anesthesia was administered to the animals. Before imaging, each mouse was injected with 0.15 ml luciferin (20 mg/ml potassium salt; Promega, Madison, WI, USA), intraperitoneally. To establish a highly infiltrative leukemic cell line, the mice were monitored until leukemic cells infiltrated the CNS. Thereafter, leukemic cells in the brain was harvested, their culture in vitro generated the line the Luc-Tanoue-F1. Repetition of this selection cycle 4 times generated Luc-Tanoue-F4 line.
In vitro cell invasion and migration assay. Cells were seeded in the upper chamber of BD BioCoat Matrigel Invasion Chamber (8-µm pore size; BD Bioscience, San Jose, CA, USA) at a density of 1x10 6 cells per well in 0.5 ml RPMI-1640 with 0.1% FBS and 0.5 ml of RPMI-1640 containing 1% FBS was added to the lower chamber. Plates were incubated for 48 h at 37˚C in a humidified atmosphere (5% CO 2 ) and cells that migrated into the lower chamber were enumerated with an XE-5000 hemocytometer (Sysmex, Kobe, Japan). The percentage of invasive cells was expressed as a percentage of total cells.
Cell migration assay was performed as described above, except that the Transwell chamber (8-µm pore size; Corning, Corning, NY, USA) was used as the assay plate, and the plates were incubated for 24 h.
Cell proliferation assay. Cells were seeded in 24-well plates at a density of 1x10 5 cells per well in triplicate. Plates were incubated at 37˚C in a humidified atmosphere (5% CO 2 ) and cell numbers were determined using an XE-5000 hemocytometer (Sysmex) at the time-points indicated in each experiment.
In vitro cell adhesion assay. Flat-bottomed 96-well plates (Corning) were coated with Matrigel (BD Bioscience) diluted with RPMI-1640 to 100 ng/µl, seeded with 2x10 5 cells, incubated for 2 h at 37˚C, washed twice before measuring the number of attached cells using the Cell Titer-Glo™ Luminescent Cell Viability assay (Promega), according to the manufacturer's instructions. The level of ATP-derived luminescent signal was measured using a Veritas™ Microplate Luminometer (Promega). Adhered cells are described as a percentage of total cells seeded.
Zymography. MMP-2 and MMP-9 activity of cultured media was assessed by gelatin zymogram (Life Technologies Inc.) according to the manufacturer's instructions. Briefly, cells were cultured in RPMI-1640 without FBS for 24 h, after which 10 µl of the media was diluted 1:1 with Tris-glycine SDS sample buffer and separated by electrophoresis on a 10%-Novex Zymogram (gelatin) gel. The gels were incubated in Zymogram Renaturing buffer for 30 min at room temperature, equilibrated with Zymogram Developing buffer and incubated overnight at 37˚C. The gels were stained with Coomassie brilliant blue and MMP activity was detected as clear bands against a dark background.
Quantitative reverse transcriptase-polymerase chain reaction.
Expression of CD7 mRNA was determined by quantitative reverse transcriptase-polymerase chain reaction (RT-PCR). Total RNA was isolated using the RNeasy Mini Kit (Qiagen), according to the protocol provided by the manufacturer. The cDNA was synthesized using TaqMan Reverse Transcription reagents (Applied Biosystems, Foster City, CA, USA). The gene-specific primers and fluorescent hybridization probes used in the quantitative PCR were as follows: CD7 forward primer, 5'-TCGGACACTGGCACCTACAC-3'; reverse primer, 5'-TGCCATCCTTGGGACTGTTC-3'; and probe, 5'-TGCC AGGCCATCACGGAGGTCAAT (TAMRA)-3'. Expression level of CD7 was compared to the level of GAPDH, which was determined using the GAPDH control reagents (Applied Biosystems). For ITGA3 and ITGB2, the primers and probes were purchased from Applied Biosystems.
Flow cytometric analysis and cell sorting. Surface immunophenotyping and cell sorting was performed using the EPICS XL-MCL flow cytometer (Beckman Coulter, Fullerton, CA, USA) and FACS Aria Ⅱ cell sorter (Becton-Dickinson). Fluorescein isothiocyanate (FITC)-conjugated anti-CD7 antibody (6603824) was purchased from Beckman Coulter.
Microarray analysis. Global gene expression profiling was carried out by Hokkaido System Science (Sapporo, Japan) using Agilent RNA Spike-In Kit for One color and Agilent SurePrint G3 Human GE 8x60K Microarrays following the Agilent one-color microarray-based gene expression analysis protocol (Agilent Technologies, Santa Clara, CA, USA). The slides were scanned with an Agilent Technologies Microarray Scanner and the image data was processed using Agilent Feature Extraction software, version 10.7.3.1. The gene expression levels were compared after global normalization.
Construction of CD7 expressing vectors and the transfection procedure.
Full length CD7 was amplified using 5'-GCTAG CAACATGGCCGGGCCTCCGAGGCTCC-3' and 5'-ACCG GTTGGTACTGGTTGGGGGAGGACAGC-3' as the forward and reverse primer, respectively. Extracellular domain of CD7 was amplified using 5'-GCTAGCAACATGGCCGGGCCT CCGAGGCTCC-3' and 5'-ACCGGTCTCGCCAGCACACA CGCCACCCC-3' as the forward and reverse primer, respectively. Intracellular domain of CD7 was amplified using 5'-GCTAGCACCATGGCGAGGACACAGATAAAGAAAC-3' and 5'-ACCGGTTGGTACTGGTTGGGGGAGGACAGC-3' as the forward and reverse primer, respectively. The PCR products were cloned into PCR4-TOPO vector (Life Techno- Silencing of CD7 and ITGB2 by short interfering RNA (siRNA. Stealth siRNAs against CD7 (HSS101524, HSS190108) and ITGB2 (HSS105563, HSS105564) were purchased from Life Technologies. Non-silencing siRNA control was purchased from Applied Biosystems. All siRNAs were transfected into cells by electroporation, using Amaxa cell line Nucleofector Kit T (Lonza, Gaithersburg, MD, USA) Nucleofector II (Lonza) and the program C-005, according to the manufacturer's instructions.
Statistical analysis. Statistical analysis of the data was conducted using Microsoft Excel ® . Statistical significance was evaluated with the Student's t-test.
Results
Selection of a highly invasive leukemic cell line. The highly invasive cell line Luc-Tanoue-F4 was obtained by 4 rounds of in vivo selection. To confirm that Luc-Tanoue-F4 is more invasive than Luc-Tanoue, the cells were injected into the tail vein of non-obese diabetic/severe combined immunodeficient (NOD/SCID) mice, and EMI was monitored non-invasively in vivo. After 2 weeks, none of NOD/SCID mouse injected with Luc-Tanoue showed apparent CNS involvement; however, 9 of 10 mice injected with Luc-Tanoue-F4 revealed involvement of the brain or olfactory bulb (Fig. 1A) . Mean survival was shorter in mice injected with Luc-Tanoue-F4 than Luc-Tanoue ( Fig. 1B; 34 .0±3.0 vs. 44.0±3.4 days, P=1.5x10 -4 ). Luc-Tanoue-F4 was more invasive than Luc-Tanoue in vitro (Fig. 1C) . Cell migration, proliferation, adhesion, and protease activity, all of which are the factors that affect cell invasiveness, were characterized in vitro. There were no differences between the 2 lines in terms of cell migration (Fig. 1D) , proliferation (Fig. 1E) , or protease activity (Fig. 1F) . Cell adhesion was the only factor that differed between Luc-Tanoue and Luc-Tanoue-F4 (Fig. 1G ).
CD7 expression is higher in Luc-Tanoue-F4 than Luc-Tanoue.
Next, Luc-Tanoue and Luc-Tanoue-F4 were subjected to microarray analysis to compare gene-expression signatures.
When the cut-off value of gene expression level was set at 2-fold, 286 and 236 genes were expressed at higher and lower levels in Luc-Tanoue-F4 than Luc-Tanoue, respectively (GEO accession nos. GSE53651). Analysis of the expression of genes that relate to EMI or brain metastasis (listed in Fig. 2 ) indicated that CD7 showed the largest difference (4.59-fold) in transcript levels between the 2 cell lines. Levels of ITGB2 (2.17-fold) and ITGA3 (2.13-fold) transcripts were also higher in Luc-Tanoue-F4 than Luc-Tanoue.
Levels of CD7 transcripts in Luc-Tanoue and Luc-Tanoue-F1-F4 increased as the cells underwent in vivo selections (Fig. 3A) . Analysis of CD7 protein abundance by fluorescence- activated cell sorting (FACS) was consistent with the result of gene expression analysis (Fig. 3B ).
CD7 promotes cell invasiveness and adhesion. The CD7 protein was overexpressed as a fusion to green fluorescent protein (GFP) in Luc-Tanoue, a line that expresses CD7 at a low level. The CD7 mRNA expression level was 51.0-fold higher in CD7-GFP transfectant than in the mock-transfected cells.
When measured in vitro, both cell invasiveness (Fig. 4A ) and adhesion (Fig. 4B) were higher in CD7-GFP transfectants than mock-transfectants. There were no differences in cell migration, proliferation, or protease activity between these 2 transfectants (Fig. 4C-E) .
These transfectants failed to express the GFP-fusion protein in vivo. Thus, Luc-Tanoue was separated into CD7-low expressing cells (Tanoue-CD7 low ) and CD7-high expressing cells (Tanoue-CD7 high ) by FACS. Tanoue-CD7 high showed higher levels of invasiveness and cell adhesion than Tanoue-CD7 low in vitro (data not shown). Whereas all mice injected with Tanoue-CD7 high showed olfactory bulb involvement, mice injected with Tanoue-CD7 low showed no apparent EMI (data not shown). These results show that CD7 enhances the invasiveness of Tanoue cells in vitro and in vivo.
CD7 intracellular domain promotes cell invasiveness and adhesion. To gain insight into the mechanism by which CD7 enhances the adhesion of leukemic cells, the intracellular and extracellular domains of CD7 were overexpressed separately in Luc-Tanoue. Whereas expression of the extracellular domain neither enhanced cell invasiveness (Fig. 5A) nor adhesiveness (Fig. 5B) , the intracellular domain enhanced both cell invasiveness (Fig. 5C) and adhesiveness (Fig. 5D) . Given the lack of availability of an anti-CD7 blocking antibody, Luc-Tanoue and Luc-Tanoue-F4 were stimulated with CD7-agonistic antibody; whereas the CD7-agonistic antibody enhanced adhesion of the Luc-Tanoue-F4 (which expresses a high level of CD7), it had little effect on the Luc-Tanoue (which expresses a low level of CD7) (Fig. 5E ). These results show that signal transduction evoked by the intracellular domain of CD7 enhanced the cell invasiveness and adhesive capacity of Tanoue cells.
Integrin β2 mediates cell adhesion of Tanoue. To check whether CD7 regulates expression levels of ITGB2 and ITGA3, pTurbo-GFP-N, pTurboCD7-GFP and pTurboCD7-IC-GFP transfectants were analyzed. As shown in Fig. 6A and C, pTurboCD7-GFP and pTurboCD7-IC-GFP transfectants showed higher levels of ITGB2 expression than pTurboGFP-N transfectants. Transfection of pTurboCD7-GFP and pTurboCD7-IC-GFP did not increase ITGA3 expression (Fig. 6B and D) . Expression level of integrin β2 was higher in Luc-Tanoue-F4 than Luc-Tanoue, confirmed by FACS (data not shown). Suppression of CD7 and ITGB2 by siRNA reduced adhesion of Luc-Tanoue-F4 (Fig. 7) . These results show that CD7 and integrin β2 regulate adhesiveness of the Tanoue leukemic cell line.
Discussion
The present study revealed that CD7 promotes EMI of the B-ALL line Tanoue. To the best of our knowledge, this is the first study to show that CD7 promotes EMI by inducing integrin β2 in hematological malignancy. Comparison of the global gene expression profile of cells with different EMI potential that were all obtained from the same B-ALL cell line and found no significant increases in any of the genes previously associated with EMI, including CXCR4, IL-15, CCR9, CD103, CD56, MMP2 or MMP9; nor did it suggest that a decrease in ICAM1 expression was associated with EMI.
CD7 is a 40-kDa type-I transmembrane single-chain glycoprotein that belongs to immunoglobulin (Ig) superfamily. It is expressed on thymocytes, T cells, and natural killer (NK) cells, as well as in subpopulation of early immature B and myeloid cells (20) . The extracellular domain of CD7 shares homology with the variable region of Igκ-chains and the γ-chains of T-cell receptors (21) . It is thought that CD7 exists as a homodimer, and that cross-linking antibodies that recognize CD7 stimulates its downstream signaling (22) . There is a YEDM motif in the intracellular domain of CD7, and phosphatidylinositol 3-kinase and tyrosine kinase play critical roles in its activation (22) (23) (24) (25) .
Physiologically, activation of CD7 augments IL-2 production by T cells (26) , induces the production of granulocyte macrophage colony-stimulating factor by myeloid progenitor cells (27) , stimulates IFN-γ production in NK cells (28) , and regulates the capacity for adhesion in T cells (29) and NK cells (28) .
Clinically, the expression of CD7 correlates with a poor prognosis for acute myeloid leukemia (30) (31) (32) (33) (34) (35) , non-Hodgkin's lymphoma (36) and B-lymphoblastic leukemia (37) . Moreover, CD7 + , CD4 -, CD8
-acute lymphoblastic leukemia is reported to show poor clinical characteristics that involves extramedullary organs, including the mediastenum, skin, and CNS (38) .
This study showed that CD7 induces integrin β2 (also referred to as CD18; Fig. 6A ) and enhanced the capacities of leukemic cells for adhesion (Fig. 4B) . Notwithstanding, there are observations that CD7 regulates the capacities of T and NK cells to adhere to extracellular matrix, there is no evidence that CD7 plays an adhesion molecule role. Together with the results shown in Fig. 5A -D that CD7-induced signaling (but not extracellular domain of CD7) enhanced the adhesive capacities of Tanoue cells, it seems possible that the induction of integrin β2 enables CD7 to promote cell adhesiveness in the Tanoue B-ALL line. These observations are consistent with previous reports that CD7-induced cell adhesion is mediated by integrin β2 (29, 39) .
Integrin β2 is an important adhesion molecule in leucocytes. Genetic mutations in ITGB2 results in the immunodeficiency caused by a decreased capacity of leucocytes to adhere (leukocyte adhesion deficiency) (40, 41) . Furthermore, integrin β2 is critically required for leucocyte extravasation (42, 43) . Together with our results, these observations indicate that the CD7/integrin β2 axis may contribute to extravasation during the EMI of leukemic cells.
Results of this study imply that CD7 and integrin β2 are potential molecular targets in leukemia therapy. Indeed, antibodies against integrin β2 inhibit leukemia and lymphoma dissemination in experimental models (44) (45) (46) . It remains to be established whether a blocking antibody against CD7 can inhibit dissemination of leukemia.
In conclusion, CD7 promotes EMI of the B-ALL line Tanoue in an integrin β2-dependent manner. CD7 and integrin β2 are potential molecular targets in leukemia therapy.
